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CapE is an essential enzyme for the synthesis of capsular polysaccharide (CP) of pathogenic strains of
Staphylococcus aureus. Herein we demonstrate that CapE is a 5-inverting 4,6-dehydratase enzyme.
However, in the absence of downstream enzymes, CapE catalyzes an additional reaction (5-back-epi-
merization) affording a by-product under thermodynamic control. Single-crystal X-ray crystallogra-
phy was employed to identify the structure of the by-product. The structural analysis reveals a
network of coordinated motions away from the active site governing the enzymatic activity of CapE.
A second dynamic element (the latch) regulates the enzymatic chemoselectivity. The validity of
these mechanisms was evaluated by site-directed mutagenesis.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction of SDR enzymes of pathogenic bacteria characterized by a singularThe capsular polysaccharide (CP) of Staphylococcus aureus forms
a thick layer of carbohydrate on the cell surface of the bacterium,
conferring antiphagocytic properties, and helping S. aureus to per-
sist in the bloodstream of the infected host. More than 70% of clin-
ical isolates of S. aureus belong to either the CP5 or the CP8
serotypes [1,2]. Because the biosynthetic machinery that synthe-
sizes CP in S. aureus is absent in humans, its inactivation consti-
tutes an attractive strategy to ﬁght this dangerous pathogen [2–4].
The conversion of UDP-D-GlcNAc into UDP-L-FucNAc (an essen-
tial precursor of CP) requires three enzymes CapE, CapF, and CapG
in S. aureus [5–8]. CapE yields the ﬁrst intermediate of the sequen-
tial reactions catalyzed by these three enzymes, although the
mechanism is unclear [7,9]. CapE belongs to a distinctive subfamilycatalytic triad displaying a Met residue (instead of the canonical
Tyr residue) and a dynamic element known as the latch [8]. The
overall tertiary and quaternary structure of CapE is similar to the
close homolog FlaA1 from Helicobacter pylori (identity 40%,
rmsd = 2.0 ± 0.1 Å) [10,11]. Although CapE and FlaA1 afford the
same product, the conﬁguration of their active sites is different.
Also, the latch region is absent in FlaA1. We sought to clarify the
mechanism of CapE and to understand the functional impact of
the dynamic regions in its enzymatic activity.
We report that CapE catalyzes the 5-inverting 4,6-dehydration
reaction of substrate UDP-D-GlcNAc, followed by a slower 5-
back-epimerization. The second reaction generates an irreversible
by-product of unclear biological signiﬁcance that is not processed
by the downstream enzyme CapF. The crystal structure of CapE
soaked with the substrate UDP-D-GlcNAc revealed the identity of
the by-product, and structural elements regulating its reactivity.
Site-directed mutagenesis validates the structural analysis.
2. Materials and methods
2.1. Enzymatic assay
The enzymatic activity of CapE, puriﬁed as described elsewhere
[6,7], was monitored by the method described in Miyafusa et al.
Table 1
Data collection and reﬁnement statistics.
CapE with by-product
Data collection
Space group P6322
Unit cell
Dimensions (Å) a = b = 124.03, c = 103.16
Angles () a = b = 90, c = 120
Wavelength (Å) 1.0000
Resolution range (Å) 35.8–1.88
Total observations 292144
Unique observations 38463
I/r (I) 12.5 (2.4)
Completeness (%) 99.9 (99.9)
Rmerge
a (%) 11.0 (88.7)
Multiplicity 7.6 (7.6)
Reﬁnement
Rwork/Rfree
b (%) 17.5/20.9
No. protein chains 1
No. protein residues 346
No. protein atoms 2722
No. ligands 18
No. ligand atoms 167
No. water molecules 136
B-factor, protein (Å2) 37.8
B-factor, ligands (Å2) 51.8
B-factor, water (Å2) 37.9
RMSD bonds (Å) 0.024
RMSD bonds () 2.46
Coordinate error (Å) 0.12
Ramachandran plot
Preferred regions (%) 97.4
Allowed regions (%) 2.6
Outliers (%) 0.0
PDB code 4G5H
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Japan) was mixed with 2 lM CapE in 20 mM Tris/HCl (pH 8.0) in
a total volume of 100 ll at 37 C. The reaction was stopped by add-
ing 100 ll of ice-cold phenol/chloroform/isoamyl alcohol in a
25:24:1 M ratio. The supernatants containing the sugars were
mixed with 100 ll of chloroform and analyzed by HPLC using a
CarboPac PA1 anion-exchange column (Dionex) as described previ-
ously [12]. Filtrates of the reaction products after one-hour reac-
tion where obtained by ﬁltration through a Microcon YM-10
(Millipore), re-incubated with enzymes, and analyzed by HPLC.
2.2. Protein crystallization
Puriﬁed CapE was dialyzed in 10 mM Tris/HCl (pH 9.0), 30 mM
NaCl, and 1 mM DTT, and concentrated with a 100 kDa Centriprep
ﬁltration unit (Millipore) prior to crystallization. Crystallization
was carried out as described for wild-type protein in the sub-
strate-free form [8]. Suitable crystals were soaked in mother liquor
supplemented with 25% (v/v) glycerol and 500 lM UDP-D-GlcNAc.
2.3. Data collection and reﬁnement
Crystals of CapE were mounted under a stream of cold nitrogen
(100 K) at beamline BL5A of the Photon Factory (Tsukuba, Japan).
Diffraction data were processed with the program MOSFLM [13]
and merged and scaled using the program SCALA of the CCP4 pro-
gram suite [14]. The structure was determined by the method of
molecular replacement with the program PHASER [15]. Reﬁnement
was carried out with REFMAC5 [16] and COOT [17]. Model quality
was assessed with PROCHECK [18]. Data collection and reﬁnement
statistics are given in Table 1.Values in parenthesis correspond to the highest resolution bin.
a Rmerge = Rhkl Ri|I(hkl)i – [I(hkl)]|/Rhkl Ri I(hkl).
b Rwork = Rhkl |F(hkl)o  [F(hkl)c]|/Rhkl F(hkl)o; Rfree was calculated as Rwork, where
F(hkl)o values were taken from 5% of data not included in the reﬁnement.3. Results and discussion
3.1. Catalytic mechanism of CapE
The enzymatic activity of CapE on its natural substrate
UDP-D-GlcNAc affords two different products (Fig. 1A). Previous ef-
forts to identify the nature of each one were unsuccessful [7,8]. The
time course of the reaction shows that the two products do not ap-
pear simultaneously, but sequentially (Fig. 1B). After 30 min the
product displaying the fast kinetic component exceeds the product
with the slow kinetic component by a ratio of 2:1. However, after
three hours their relative abundance is reversed: the amount of
slow product exceeds that of the fast-appearing product by 9-
fold. Comparable observations are reported for three homologous
enzymes of CapE, namely WbjB from Pseudomonas aeruginosa
(67% identity), FlaA1 from Helicobacter pylory (40% identity), and
PseB from Campylobacter jejuni (41% identity) [19–21]. Based on
the identity of the reaction products reported for these homolo-
gous proteins (mechanistically identical to each other) we propose
that the compound generated in the ﬁrst reaction is UDP-2-acet-
amido-2,6-deoxy-a-L-arabino-4-hexulose (UDP-arabino-sugar).
This product is obtained after the 5-inverting 4,6-dehydration
reaction. The second compound corresponds to the 5-back-epimer-
ization of the UDP-arabino-sugar, i.e. UDP-2-acetamido-2,6-deoxy-
a-D-xylo-4-hexulose (UDP-xylo-sugar). We acquired 1H NMR spec-
tra of the reaction products at various intervals to conﬁrm their
identity. This experiment shows that UDP-arabino-sugar and
UDP-xylo-sugar are generated in a sequential manner, analogously
to the time-course analysis by HPLC above (Supplementary Fig. S1)
[19].
To verify this mechanism, the mixture of the two compounds
produced by CapE were puriﬁed by a ﬁltration method [9], and
re-incubated with enzymes CapE and CapF under various condi-tions (Fig. 1C). The two compounds do not react unless CapE is
present (compare curve I and II). Importantly, the downstream en-
zyme CapF processes only UDP-arabino-sugar (curve III). This key
observation indicates that the other compound, UDP-xylo-sugar,
is a by-product in the context of this biosynthetic route. In con-
trast, when CapE and CapF are both incubated with substrate
UDP-D-GlcNAc the reaction proceeds without detectable formation
of by-product (curve IV). From the concentration-dependence
curve it is further demonstrated that CapE catalyzes the 5-back-
epimerization side-reaction (Fig. 1D). These results are consistent
with the scheme shown in Fig. 1E.
The yield of by-product afforded by CapE is substantially higher
than that catalyzed by FlaA1 or PseB [10,21], despite employing
less than one-tenth concentration of CapE and substrate than that
described for the other homologous enzymes [10]. The idiosyn-
cratic environment of the active site of CapE and its dynamic
elements such as the latch [8] may explain the higher yields of
by-product (see below).
3.2. Crystal structure of CapE in complex with by-product
Crystals of holo-CapE were grown as previously reported [8]
and soaked with substrate UDP-D-GlcNAc. The high concentration
of enzyme in the crystal (10 mM) ensures a rapid conversion to
products. Crystals diffracted to a resolution of 1.88 Å, revealing
several molecules bound to the CapE: coenzyme NADPH/NADP+,
UDP-xylo-sugar (by-product) in the active site, and a UDP-sugar
at an unexpected binding pocket (Fig. 2). Overall, the structure of
CapE is virtually identical to that of apo-CapE in complex with a
substrate analog (PDB code 3W1V; rmsd = 0.41 Å) [8]. The dynamic
region known as the latch (residues 287–309) occupies the same
Fig. 1. Mechanism of CapE. (A) HPLC proﬁle after incubation substrate UDP-D-GlcNAc (200 lM) with CapE (2 lM) for 20 min. The peak of substrate (UDP-D-GlcNAc), product
(UDP-arabino-sugar), and by-product (UDP-xylo-sugar) are shown in red, orange and green, respectively. (B) Time-course of the reaction. (C) HPLC proﬁles of product ﬁltrates
incubated with NADPH (curve I), with NADPH and CapE (curve II), with NADPH and CapF (curve III). Curve IV represents a control experiment using NADPH, CapE, CapF, and
UDP-D-GlcNAc (no ﬁltrates). NADPH is required for the activity of CapF. The peak corresponding to the product of CapF (UDP-2-acetamido-2,6-dideoxy-b-L-talose) is shown in
blue. (D) Reaction of product ﬁltrates with increasing concentrations of CapE. (E) Reaction scheme.
3826 T. Miyafusa et al. / FEBS Letters 587 (2013) 3824–3830position in both structures. Because the latch was not observed in
holo-CapE [8] we conclude that its structuring is coupled to the
binding of UDP-sugar, but not to the binding of coenzyme [8].
We note that, in the crystal, the active site of CapE is accessible
to the solvent and does not form part of crystal-packing contacts.
In addition, the structure of substrate-free CapE have previously
demonstrated the possibility of very large conformational changes
of the catalytic domain in the crystal form [8], thus enabling enzy-
matic activity.
The structure of CapE also reveals the identity of the molecule
bound to the active site, UDP-xylo-sugar. This compound is the
by-product generated in the second reaction (Fig. 3). The
by-product is anchored to the protein by non-covalent interac-
tions through its UDP moiety (Supplementary Table 1). The hex-
ose ring occupies a non-catalytic conformation with respect to
the coenzyme. The C4 atom of the nicotinamide ring of the coen-
zyme and the C40 atom of the sugar are separated by 6.3 Å, a
distance too large for the reaction to proceed [22]. The same
binding conformation is observed in the crystal structure of CapE
with substrate analog bound [8], and FlaA1 in complex with
UDP-D-Gal (Supplementary Fig. S2) [10]. The exact role of this
inactive conformation is unclear. We propose that Leu86 acts asa quality-control gatekeeper blocking the release of the hypothet-
ical C3-epimerized by-product from the enzyme (Fig. 3D). The
distance between the CG atom of Leu86 and the O3 atom of the
hexose ring is 3.7 Å in the crystal structure. However, the hypo-
thetical epimerization of the C3 would lead to unfavorable steric
clashes between the sugar ring and Leu86, thus disfavoring the C3
epimerization route.
We note that a second molecule of UDP-sugar is found at a no-
vel binding pocket remote from the active site (Fig. 2A and D). The
identity of the hexose ring could not be determined because of dy-
namic disorder. The interaction between Tyr 305 and the UDP moi-
ety suggests that the secondary binding site stabilizes the
conformation of the latch and may play a role in the enzymatic reg-
ulation of CapE as observed in other enzymes [23].
3.3. Coordinated motion of hydrophobic side chains near the coenzyme
Residues Phe16, Phe78, Leu122 and Tyr164 of the coenzyme
binding domain show clear signs of static disorder (Fig. 4; Supple-
mentary Fig. S3). This observation contrasts with the single confor-
mation of the same residues in the structure of holo-CapE (PDB
code 3VVC) [8]. We employed the software RINGER [24] to evalu-
Fig. 3. Structure of by-product. (A) UDP-xylo-sugar is depicted as ball and sticks with CPK colors. The sigma-A weighted omit difference electron density maps (Fo  Fc) of the
UDP-xylo-sugar is contoured at 2.5 r. (B) Close-up view of hexose ring. (C) Chemical structure of the hexose ring. (D) Structure of Leu86 (green) near the O3 atom of the
hexose ring (blue). The hydroxyl group of the hypothetically epimerized C3 atom of the UDP-sugar (red) would clash with the OG atom of Leu86 in this conformation.
Fig. 2. Structure of CapE. (A) Overall conformation of wild-type CapE soaked with substrate. UDP-xylo-sugar is found at the active site. A second UDP-sugar is found at a novel
secondary binding site. The hexose ring of the second UDP-sugar is disordered and could not be modeled. The substrate binding domain, the coenzyme binding domain, and
the latch are colored in blue, yellow, and orange, respectively. Ligands are depicted as ball and sticks with CPK colors. The sigma-A weighted omit difference electron density
maps (Fo  Fc) of the ligands are contoured at 2.5 r. The bottom panels represent the binding environment of (B) coenzyme, (C) by-product (active site), and (D) UDP-sugar (at
the secondary binding site). B–D were generated with the program LIGPLOT [29].
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Fig. 4. Flap region. The binding of substrate induces coordinated motions in hydrophobic residues adjacent to the coenzyme. (A) Schematic representation of the coordinated
changes in side-chains of Phe16, Phe78, Leu122 and Tyr164. The in-conformer (facing the hydrophobic core), and the out-conformer (facing the coenzyme) are highlighted with
blue and yellow shades, respectively. The red arrows indicate coordinated motions. The out-conformer of the coenzyme it is colored in gray to indicate disorder. (B) Electron
density plots calculated with RINGER [24]. Dashed line (blue) corresponds to the electron density level of holo-CapE (PDB code 3VVC). Red line corresponds to that of CapE in
complex with UDP-sugar. Yellow arrows indicate the new conformation sampled in the structure with UDP-sugar. No differences were observed in the plot of Tyr164 because
the conformational change occurs in the backbone of this residue (not in the side-chain).
3828 T. Miyafusa et al. / FEBS Letters 587 (2013) 3824–3830ate quantitatively the relative fraction of each rotamer (Fig. 4B).
The analysis reveals that the side chain of Phe78 displays two con-
formations populated at angles of 170 and 320 in the structure
with UDP-xylo-sugar bound, but only one conformer (v1 = 320)
in the substrate-free structure. The in-rotamer, which populates
both structures, points its side chain towards the hydrophobic core
of the protein. The out-rotamer, only present in the sugar-bound
form, faces the coenzyme moiety.
The coupled motions of this region (ﬂap region) are caused by a
conformational relay mechanism that connects the hydrophobic
core of the enzyme with the coenzyme. The reorientation of
Phe78 triggers alternate conformations in Phe16, Leu122, and
Tyr164. The out-conformer of Tyr164 is not identiﬁed by the pro-
gram RINGER because it involves reconﬁguration of the main-chain
atoms, but not the side-chain. Lastly, the movement of Tyr164
pushes the nicotidamine moiety of the coenzyme out of its position
towards an inactive conformation. Consequently the occupancy of
the nicotidamine is reduced to 50%, although the second conforma-
tion cannot be modeled because of disorder. The disorder in the
nicotidamine moiety of the coenzyme clearly contrasts with the
ordered conformation in its adenosine moiety.
Dynamic features in the coenzyme region are observed in other
SDR enzymes. For example, changes in the conformation of NADPHare required for speciﬁcity in guanosine monophosphate reductase
[25]. Similar examples are described for the dehydrogenase do-
main of ArnA [26], and CapF [7]. In the case of CapE, we speculate
that the movement of the coenzyme assists the rearrangement and
eventual exit of the product.
3.4. Site-directed mutagenesis validates the structural ﬁndings
We prepared mutants of CapE to validate the mechanism dis-
cussed above (Fig. 5). The enzymatic activity of mutein Y164F
(belonging to the ﬂap) is unchanged with respect to wild type pro-
tein (Fig. 5A), demonstrating that Tyr164 does not act as the gen-
eral base as it does in SDR enzymes displaying the SYK triad
motif [27,28]. In contrast, the activity of mutein Y164A decreased
dramatically in comparison with wild-type protein, indicating that
the function of Tyr 164 is related to its bulkiness in the relay mech-
anism explained above.
We also mutated residues Phe78 and Leu122 to Trp and Phe,
respectively, with the idea of blocking the cooperative conforma-
tional change of hydrophobic side chains. Whereas the consump-
tion of substrate of mutein L122F decreases substantially with
respect to wild-type protein, that of mutein F78W does not change
signiﬁcantly (Fig. 5A and B, Supplementary Table S2). Other
Fig. 5. Mutational analysis. (A) Wild type CapE or muteins (2 lM) were incubated
with UDP-D-GlcNAc (200 lM) for 2 h at 37 C. The consumption of substrate UDP-D-
GlcNAc was monitored by HPLC. The bars correspond to the average of three
independent assays ± standard deviation. Time-course curve of (B) mutein F78W
(ﬂap region), and (C) mutein Y290A (latch region). The relative amount of UDP-xylo-
sugar catalyzed by wild type enzyme is also shown (dotted line).
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quired to further reveal the operating mechanism at this region.
A second dynamic element of CapE is the latch [8]. Previously
we showed that altering the latch by site-directed mutagenesis
increases the ratio of UDP-arabino-sugar with respect to UDP-
xylo-sugar [8]. The time course of the reaction catalyzed by a
new mutation in the latch (Y290A) corroborates previous observa-
tions (Fig. 5C). This mutation reduces the enzymatic activity ofCapE and reverses the yield of product with respect to by-product.
In other words, the structural and kinetic data indicates that the
latch region is important for the activity and chemoselectivity of
CapE by adjusting the relative position between the substrate bid-
ing domain and the coenzyme biding domain.
4. Conclusion
It is shown that CapE catalyzes two sequential reactions, 5-
inverting 4,6-dehydration followed by the 5-back-epimerization
side-reaction. The second reaction does not occur in the presence
of the downstream protein CapF because this enzyme consumes
the product of the ﬁrst reaction faster than the time-scale of the
5-back epimerization. High-resolution X-ray structure was em-
ployed to reveal the nature of the by-product (UDP-xylo-sugar).
Unexpectedly, a molecule of UDP-sugar was found bound to a no-
vel pocket in a location remote form the active site. We identiﬁed
key dynamic regions governing the catalytic activity and the yield
of product with respect to by-product. We hope this information is
useful for the design of novel drugs of high potency and speciﬁcity.
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